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Low-lying resonance states in 7He6He 1 n, formed after fragmentation reactions of a 227 MeV
nucleon 8He beam on a carbon target, have been studied. Coincidences between 6He nuclei and neutrons,
corresponding to the one-neutron knockout channel in 8He, were selected. The relative energy spectrum
in the 6He 1 n system shows a structure, which is interpreted as the 7He (Ip  322) ground state,
unbound with 0.43(2) MeV relative to the 6He 1 n system and a width of G  0.158 MeV overlapping
with an excited (Ip  122) state observed at 1.0(1) MeV with a width of G  0.758 MeV.
DOI: 10.1103/PhysRevLett.88.102501 PACS numbers: 24.30.Gd, 25.60.– t, 27.20. +nThe chain of neutron-rich He isotopes presently attracts
much interest. This is mainly due to the fact that their
structure may be described as a tightly bound a core sur-
rounded by a number of neutrons. This “core 1 valence
neutrons” structure is the basis of a model [1] introduced
to explain the halo structure of 6He [2,3] and the five-body
cluster structure of 8He [4–6]. Their subsystems 5He and
7He are unbound and have ground states of Ip  322,
corresponding to a neutron in a p32 orbital according to
the standard shell model [7].
Even if 5Hea 1 n is assumed to be well understood,
some ambiguities remain. The position of the excited 122
state has generally been considered to lie approximately
4 MeV above the ground state [7], but several experiments
rather indicate an excitation energy of 2.0 to 2.6 MeV
[8,9]. Recent calculations [10,11] predict an energy differ-
ence of 1.2 to 1.4 MeV between the p32 and p12 states.
The 7He ground state was observed for the first time by
Stokes and Young [12] and found to be situated 440 keV
above the 6He 1 n threshold. In different experiments
[13–15] an excited state at 3.3 MeV has been observed,
which have been found to possess the exotic 6He 1 n
configuration and decays mainly to a 1 3n. In this Letter
we present new data for 7He, which shows a state not
observed before (the preliminary results have previously
been published in [16]).
The experiment was performed at Gesellschaft für
Schwerionenforschung Darmstadt mbH, Germany, where
a 227 MeVnucleon 8He secondary beam was produced
in a 8 gcm2 beryllium production target by a 340 MeV02501-1 0031-90070288(10)102501(4)$20.00nucleon primary 18O beam. The produced nuclei were
subsequently separated using the fragment separator
(FRS) before interacting with a 1.3 gcm2 carbon target.
The charged fragments produced in the interaction of 8He
with the 12C nuclei were then transmitted through the
large-gap dipole magnetic spectrometer, ALADIN, and
the neutrons were detected with the large area neutron
detector, LAND. The experimental setup has been
described in detail in Refs. [16–20].
Events with one neutron in coincidence with a 6He frag-
ment after 8He breakup were selected in the present analy-
sis. Detection of only one neutron means that the second
one either has been absorbed or deflected strongly by the
target after a large momentum transfer. Such a reaction
corresponds to a one-neutron knockout channel. It has pre-
viously been shown [17,18,21] that the sudden approxima-
tion, i.e., a sudden neutron removal where the rest of the
system remains almost unperturbed, describes the reaction
mechanism well.
The cross section as a function of relative energy Er
between the 6He fragment and the neutron, reconstructed
from the measured momenta of neutron, pn and 6He,
p6 He [22] is shown in Fig. 1. The experimental data are
compared with an expected resonance energy distribution
for the population of the 7He ground state with the res-
onance parameters adopted from Ref. [7]. The calcula-
tion was performed using the Monte Carlo method with
a Breit-Wigner shaped resonance and takes into account
effects of the experimental resolution and acceptance, fol-
lowing the procedure outlined in Ref. [18].© 2002 The American Physical Society 102501-1
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FIG. 1. Coincidence cross section of the 6He-n system after
breakup of 227 MeVnucleon 8He as a function of the relative
energy Er . Experimental data are shown as open circles with
error bars. The inset shows the efficiency curve for the setup.
The solid line is the result of a Monte Carlo calculation with
a Breit-Wigner expression for the p-wave ground state of 7He
with Ip  322, Er  0.44 MeV, and G  0.16 MeV [7]. The
simulation includes corrections for experimental acceptance and
resolution.
The resolution function of the setup was extracted us-
ing a Monte Carlo method and hereafter folded with an
R-matrix expression [18] in order to describe the data
points. For that, the resolution in neutron momenta was
derived from a simulation of neutron tracks in the LAND
detector using real one-neutron data obtained in an ex-
periment on proton-neutron coincidences after deuteron
breakup, at an energy close to the energy of the present
experiment [23]. The momentum resolution for charged
fragments was determined with direct beams of the corre-
sponding nuclei. The energy and angular straggling in the
target and detectors were taken into account. The resulting
overall resolution of the setup was checked by reproducing
the experimental spectra for excitation of the well known
narrow 21 state in 6He [19]. The efficiency of the setup is
almost constant over the full energy range studied in this
experiment and gives only a minor correction to the data
points (see the inset in Fig. 1).
As can be seen in Fig. 1, the experimental data (sym-
bols) cannot be described assuming a population of the 7He
ground state alone (solid curve, calculated as described
above with parameters for the 7He ground state from lit-
erature). The calculated curve describes the maximum of
the cross section well but decreases too fast towards higher
energies compared to the experimental data. Note that this
tail towards higher excitation energies can be seen in the
experimental data obtained by Stokes and Young [12], but
not in the recent paper by Bohlen et al. [14].
A possible reason for the observed discrepancy seen in
Fig. 1 could be the appearance of correlations in the rela-
tive energy distributions of the breakup fragments as a rem-
nant of the correlations in the ground-state wave function
of the projectile. Such correlations, even though not re-
flecting a resonance structure, may form a peaklike back-102501-2ground in the spectra [24,25]. In order to get a feeling for
these background correlations an estimate was made using
the three-body model from Ref. [25]. It was found that this
contribution would be very small. The calculated back-
ground increases slowly with a maximum at about 6 MeV
and, if present, would have no influence on the energy re-
gion under consideration here.
In the preliminary analysis the discrepancy between the
experimental data and the single resonance description was
accepted as a first evidence for the presence of an unknown
excited state in 7He at low energy [16]. The results of a
detailed analysis are presented in this Letter.
An attempt to describe the experimental spectrum in
a free parameter fit with a single resonance resulted in
the minimal reduced x2red equal to about 2.8. However,
the best fit using two resonances shown as the full drawn
line in Fig. 2 was achieved with x2red  1.5, with the
position of the ground state at Er  0.432 MeV [G 
0.158 MeV] and the second state at Er  1.01 MeV
[G  0.758 MeV]. Note that the derived position and
width of the 7He ground state are in good agreement with
the data obtained by Stokes and Young [12]. We interpret
the second resonance, with a fraction of 3510% of the
total cross section for the one-neutron knockout channel, as
the Ip  122 state of 7He. Figure 3 shows the parame-
ter dependence of the fit, where a clear minimum in x2
can be distinguished for the parameters given above. The
projection of the grey area in the figures to the respec-
tive axis reflects 1 standard deviation of each individual
parameter.
In this context it is also important to note that the same
experimental setup and data analysis procedure were used
for the 5He data, where the a-n cross section is dominated
by the p32 ground state [18,21].
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FIG. 2. Same data as in Fig. 1 with the assumption of contribu-
tions from two p-wave resonances. The solid line shows a fit to
the experimental data using two Breit-Wigner shaped resonances
keeping all six parameters free. The dashed line represents the
contribution from the 7He ground state with Er  0.432 MeV
and G  0.158 MeV. The dotted line corresponds to an ex-
cited state positioned at Er  1.01 and G  0.758 MeV.
The inset shows the separate resonances excluding any experi-
mental effects in comparison with the data.102501-2
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FIG. 3. Contour plot showing the dependence of x2 for the
N  31 degrees of freedom on the resonance parameters Er and
G if two resonances are assumed. For each point on the contour
lines all remaining parameters were varied in order to minimize
x2 again. The projection of the grey area in the figures to the
respective axis reflects 1 standard deviation of each individual
parameter [26].
Table I summarizes the present data on excited states in
7He. In three earlier experiments an excited state has been
found at an energy of about 3.3 MeV above the 6He 1 n
threshold [13–15].
This state was first interpreted as corresponding to a
neutron in the p12 orbital and 6He in the ground state.
However, the data presented in Ref. [13] showed that this
resonance mainly decays into the a 1 3n channel, which
TABLE I. Experimentally determined positions of resonances
above the ground state in the 7He system. Excitation energies
E and resonance widths G are given in MeV.
Reaction E G Method Ref.
12C8He,n7He 0.6(1) 0.75(8) Invariant mass Present
1H8He, d7He 2.9(3) 2.2(3) Missing mass [13]
9Be15N, 17F7He 2.95(10) 1.9(3) Missing mass [14]
10Bp2,pd7He 2.8(2) 2.0 Missing mass [15]102501-3implies that the most probable configuration is of the form
6He21 ≠ 0p12522 .
With this interpretation one would expect the position
of the 7He122 resonance, with a neutron in a p12
state coupled to the 6Heg.s., to be about 2 MeV lower in
energy. With the selection of the 6He 1 n channel, made
in the present experiment, where the 522 state is excluded
from the data set, we thus find the most reasonable Ip as-
signment of the state observed at 1.0 MeV to be 122.
We note that the ratio between the contribution from
the excited state and the ground state is 0.54(10), which
is close to the ratio of the statistical factors of the states
2Iexc 1 12Ig.s. 1 1  0.5. We also note that the
measured width of this resonance is close to the single
particle limit for a neutron in an   1 orbital [27].
Further support for the spin-parity assignment Ip 
122 comes from recent calculations of the 7He system
where the sequence of negative-parity states 322g.s.,
122, 522 has been obtained [28–31]. The position of
the 122 state relative to the ground state was obtained at
about 3 MeV in shell-model [31] and in refined resonat-
ing group model calculations [6], at 2.2 MeV in large-
base shell-model calculations [28], and around 0.9 MeV
in quantum Monte Carlo calculations [29,30,32]. The ex-
perimentally estimated position of the 122 resonance is
thus in reasonable agreement with the last result.
The proposed level scheme of 7He is shown in Fig. 4.
The position of the 122 resonance is in the vicinity of the
a 1 3n threshold and below that of 6He21 1 n.
The energy difference between the ground state and
the excited state in 7He obtained here is about 0.6 MeV,
which should be compared to the lowest estimate of this
energy difference in 5He which is 1.2 MeV [10,11]. We
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FIG. 4. Proposed level scheme of 7He, where the parameters
of the ground state and the first excited state are taken from this
Letter (energies in MeV).102501-3
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two lowest states when adding two more neutrons to 5He
[33]. We note that the spin-orbit force is proportional to
21rdVdr so that systems with large spatial extension
tend to show a smaller splitting. The difference in size and
diffuseness between 4He and 6He should therefore be re-
flected in the current observation.
The recent many-body quantum Monte Carlo calcula-
tions reproduce fairly well the energy splittings between
322 and 122 states for 5He and 7He [29,30,32]. Thus
the few-body configuration a 1 3n can contribute to the
structure of the low-lying 122 state in 7He.
The proximity of the two states in 7He gives an impor-
tant clue for the understanding of the ground-state structure
in 8He. The relative contribution from the 122 state in-
dicates a strong admixture of a 0p122 component in the
8He ground-state wave function. The angular distribution
of decay neutrons from 7He was found [16] to have a cor-
relation function
Wu  1 1 0.71 cos2u , (1)
where u is the angle between the 7He momentum vector
and the decay neutron. The decrease of the anisotropy
term as compared to 5He [21] may again be attributed to
the more complicated structure of 8He [16], which most
likely has a component of an excited 6He in its ground-state
configuration.
In summary, the one-neutron knockout reaction ob-
served in the fragmentation of 227 MeVnucleon 8He in
a carbon target has been used to study resonances in the
7He system. The cross section for the 6He 1 n channel
as a function of the relative energy shows a structure near
the threshold, which can be interpreted in a consistent
way to reflect the known 7He Ip  322 ground-state
resonance overlapping with the Ip  122 excited state
at 1.0(1) MeV with a width G  0.758 MeV. The
relative weight of the two components is 65:35 (with an
uncertainty of 10 for either value) and thus close to the
ratio of the spin weight factors.
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